The meaning of a recently proposed formalism for quantization of interacting fields is discussed by studying the consequences of the time-dependent unitary transformation which is essential for this approach. It turns out that non-relativistic quantum electrodynamics in dipole approximation may serve as a useful, although rather singular, example for this method. In the relativistic case a different point of view is suggested in order to avoid inconsistent interpretation. It is further possible to give arguments for a reasonable choice of the unitary transformation concerned.
Introduction
In a recent paper concerning the quantization of interacting fields 1 it was pointed out that the canonical quantization rules, when applied to classical electrodynamics, do not lead to a unique formulation of quantum electrodynamics (QED). The reason is that one can perform time-dependent unitary transformations before quantizing the electromagnetic field. The proposed alternative for quantization of interacting fields 1 uses the possibility of decomposing the total Hamiltonian of the system (particle plus radiation field) into three terms: the Hamiltonian of the particle H0 (e. g. a bound or free electron), that of the free radiation field HTSl(J , and the interaction term Hmt. While the radiation field at first is considered as classical, the Hamiltonian H0 + Hint is subjected to a time-dependent unitary transformation U = exp{z'S(j)}-The motivation for the special choice of the transformation is that it should lead to a transformed system where the interaction term is not present any more, or at least is minimized. The reaction of the particle on the field is then taken into account by quantizing the free radiation field and adding its Hamiltonian to Hq = TJ H0 U~1. On the resulting system, described by H0 + Hra(i, one now applies the inverse transformation which leads to a Hamiltonian that is different from the usual one but should yield the same physics. The aim (or hope) of course is to obtain a description of the system that avoids the difficulties inherent in the usual formulation. The method tion field (approximated by the dipole term) is studied, and then the possibility of generalizing to relativistic QED is discussed. And in fact in the case of the first example a Hamiltonian is obtained for which no explicit renormalization of the electron mass is necessary any more. The term usually added to the Hamiltonian in an ad hoc way in order to get a finite non-relativistic Lamb shift appears here as the result of the transformation mentioned, after having quantized the radiation field.
Because of this encouraging result and its possible generalization it seems necessary to look more closely at the proposed quantization procedure. The purpose of the present paper is to discuss and to clarify the interpretation of this formalism. In order to find the correct transformation a more general approach will be used. First we shall find that the non-relativistic case in dipole approximation indeed may serve as a useful, although rather singular, example for this quantization prescription. On the other hand, in the case of generalization to relativistic QED it turns out that the transformation under discussion is not able to transform the system to the free case as claimed in 1 . In order to avoid arbitrariness and inconsistent interpretation a different point of view regarding this problem is proposed.
The Time-Dependent Unitary Transformation
To begin with we consider the Hamiltonian H0 unitary transformation (containing the classical electromagnetic field) to the system described by
More precisely one is looking for a transformation ip -y xp = U yj such that in the transformed system the interaction term H-int = U Hmt U~x is not present any more. In order to see how this could be achieved in general we apply the transformation, unspecified at first,
to the system (1) and obtain 
and thus obtains
Non-Relativistic Example
It is indeed possible to find a transformation of this kind, at least in a special case. Consider for 
where
is the Hertz vector of the electromagnetic field. Up to now A and Z are still classical quantities. Therefore condition (5) evidently is fulfilled 3 . At this stage the system is completed by including the quantized radiation field which has to satisfy the usual canonical commutation relations 4 . The total Hamiltonian then reads
where pk,a and qk,a are the canonical conjugate
operators as defined by the Fourier expansion of the radiation field A(r,t).
Performing now the inverse transformation one has to take into account the commutation relations of the radiation field and the fact that in the Schrödinger picture U and //total are time-independent operators. The time derivative in the Schrödinger equation therefore does not apply to U and one obtains
The commutator series for £/ _1 //rad U breaks off at the third term and leads to the interesting result 
Generalization to Relativistic QED
It is of course tempting to generalize this method to relativistic QED. In this case it is shown in 1 that the interaction term proportional to e 2 obtained by the analogous procedure does not contain contributions to second-order S-matrix elements which correspond to (the diagonal terms such as) the electron self energy, photon self energy, and the disconnected graph. However, it should be remarked that in getting this interesting result a crucial assumption is made which, in our opinion, is not fulfilled. Indeed it is assumed that the transformation under discussion (2) has been carried out before quantizing the radiation field. But it is easy to see that in this case condition (5) one obtains according to (4)
with the generalization of the Hertz vector
A calculation of the commutator (5) leads to One could of course avoid this inconsistency if one is willing to accept a rather different point of view. According to the usual treatment of canonical field quantization one adds to the free Hamiltonian of the system the interaction term (in correspondence to the classical expression) and then imposes on the different fields the quantization rules. Instead of following this line or the equivalent procedure discussed in Sect. 3 one may propose to start with the free particle Hamiltonian H0 rotated by a special time-dependent unitary transformation
For the rotated system the reaction of the particle on the radiation field is now taken into account by quantizing the radiation field according to the canonical commutation rules and adding the Hamiltonian //ra(j. Performing then the inverse rotation one obtains the Hamiltonian (in the Schrödinger picture)
H = H0 + U~lHI&AU
which now contains the interaction in the second term.
The crucial question of course is to find (motivate) a reasonable and unique choice of the transformation U. Looking at the commutator series
it seems natural to demand for instance that the first commutator should reproduce the usual coupling of the charge current operator to the radiation field which corresponds to the interaction known from classical theory *'[ffrad.S] = -fd 3 rjjr) AJr).
(13)
One finds that this condition can be realized by the expression 7 5=-/d 3 (r)7;(r)ZM(r).
It should be emphasized that the interaction introduced by the commutator series £/-i Hiad U = tfrad -/ d 3 r j"(r) ^(r) (14)
+ ^rjjd 3 rdV [;,(r) Aß(r),jy{r') Zv(r')] + ...
is different from the usual one. The term proportional to e 2 in the series (14) leads to encouraging results which are discussed in 1 .
Conclusion
In conclusion it should be remarked that the proposed quantization scheme leads to the correct classical limit because for c-numbers the commutators in (12) vanish. But of course this treatment of interacting fields has to be confronted with all the well established experimental results of QED. It may turn out that the commutator series (12) breaks off at some term for renormalizable theories, as found in the non-relativistic example. For answering these questions a discussion of the higher commutators in (14) is necessary.
